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Abstract . Molecular dynamics of ternaiy mixtrues of poly (vinyl pyrrolidone) (PVP) (Mw = 40000 g mol '), poly (propylene glycol) (PPG) (Mw 
_ ?()()() g mol"') and poly (ethylene glycol)s (PEGs) (Mw = 200, 400 and 600 g mol ') with PVP concentration variation has been explored in dilute 
ohiiions ol benzene using microwave dielectric relaxation times at 10 1 GHz and 35"C The average relaxation time To. distribution parameter a ,  
L-laxation lime corresponding to segmental motion t , and group rotations Ti has been determined for the PVP-PE(js-PPG mixtures in bcn/cnc 
m1\cmi The large value of a   ^0.3 to 0.6.3 of these polymers and their mixtures confirms that besides the overall rotation there is large contribution 
i( ihc segmental motion and group rotations in dielectric relaxation processes The dynamics of PEGs molecules has been explored by considenng the 
h.iin coiling and intra- and intcrmolecular hydiogeii bonding in the complex heterogeneous species with the help ol obsetved values of relaxation 
iitiL-s li IS lound that the values of Tq and T| arc independent of the mixture vi.sco.sity 1lie observed values of x i are attributed to the rotation of chain 
iiuls hydroxyl groups/ methyl side-groups of these polymer molecules The free energy of activation AF^ of these systems has also been evaluated. 
These values are found in the range of w2-4 Real moL'
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1. In tn K lu c t io n
I hc p o ly m e rs  P V P ,  P E G  an d  P P G  h a v e  w id e  a p p lic a t io n s  as 
chem ical in te rm e d ia te s , p h a rm a ce u t ic a l a id s , a n t i- fo a m in g  agents 
in Ic rm en ta t io n , p a in t  fo rm u la t io n s ,  b in d e rs  and  lu b r ic a n ts  fo r  
cen im ics , p la s t ic iz e r s  etc [1-31. F o r  th e ir  s ig n if ic a n t  a p p lic a t io n s , 
ii IS im p o rta n t to  u n d e rs ta n d  in  d e ta i l,  th e  s tru c tu ra l d y n a m ic s  
til th e s e  p o l y m e r s  in  v a r i o u s  e n v i r o n m e n t s .  T h e s e  
rn a cT o m o lc c u lc s  f o r m  in t r a -  a n d  in t c r m o le c u la r  h y d ro g e n  
bond ing  b e ca u se  o f  s e v e ra l h y d ro g e n  b o n d in g  s ite s  p re sen t in  
in o le c u la r  c h a in ,  th a t  g iv e  r is e  to  d i f f e r e n t  c o n fo rm a t io n s .  
C onsequen tly , th ese  m a c ro m o le c u lc s  a re  k n o w n  to  se lf-a sso c ia te  
‘ind a lso  to  a s s o c ia te  w it h  p o la r  s o lv e n ts  o f  o th e r  p o ly m e rs . 
Ihc m ix in g  o f  p o ly m e r s  m a y  r e s u lt  in  th e  fo rm a t io n  o f  int'*i’- 
P^^lymer c o m p le x e s  d u e  to  h y d ro g e n  b o n d in g ,  and  h e n ce  these 
rnixtures m a y  p o s se s se s  th e  q u a l i t a t iv e ly  n e w  p ro p e rt ie s  fo r
oiic.sponding Author
d if fe re n t  a p p lic a t io n s .  A n y  a ttem p t to  c h a ra c te r iz e  th e  m o t io n  
o f  a m a c ro m o le c u la r  m ix tu re  in  te rm s o f  a c o o rd in a te  s y s te m  
lo c a te d  a t e a ch  a to m  b e c o m e s  an  a lm o s t  im p o s s ib le  ta sk . 
T h e r e fo r e ,  s e v e ra l a t te m p ts  h a v e  b e e n  m a d e  to  s tu d y  th e  
d y n a m ic s  o f  th ese  m o le c u le s  u s in g  a v a r ie ty  o f  r e la x a t io n ,  
a b s o r p t io n ,  f lu o r e s c e n c e  a n d  s c a t t e r in g  t e c h n iq u e s .  F o r  
in v e s t ig a t in g  the m o le c u la r  d y n a m ic s  o f  o lig o m e rs  and p o ly m e r  
m o le c u le s , m ic ro w a v e  d ie le c t r ic  re la x a t io n  s tu d ie s  [4 -8 ] ha s 
p r o v e d  a s  a p o w e r f u l  t o o l .  T h e s e  s t u d ie s  a re  u s e d  in  
u n d e rs tan d in g  the f le x ib i l i t y  o f  the m o le c u la r  ch a in , m o b il i t y  o f  
the p o ly m e r  segm en ts , in te rn a l g ro u p  ro ta t io n s , s te r ic  h in d ra n c e  
to  the in te rn a l ro ta t io n s  d u e  to  h y d ro g e n  b o n d in g  and  s o lv e n t  
e ffe c t on  these ro ta t io n s  o f  the a s s o c ia t in g  m o le c u le s  in  n o n ­
p o la r  so lv e n ts .
T h e  m is c ib i l i t y  o f  h ig h  m o le c u la r  w e ig h t P V P  w ith  sho rt c h a in  
P E G s  has been  s h o w n  to  b e  the re s u lt  o f  h y d ro g e n  b o n d in g  o f  
the P E G  te rm in a l h y d r o x y ls  to  th e  c a rb o n y ls  in  th e  re p e a t in g
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u n its  o f  c o m p a ra t iv e ly  lo n g e r  P V P  m a c ro m o le c u le s  [9-101. S in c e  
b o th  H - d o n o r  h y d r o x y ls  at th e  e n d s  o f  s h o r t  c h a in  P E G s  a re  
in v o lv e d  in t o  c r o s s  l in k s  H - b o n d in g  w it h  h ig h  d e g r e e  o f  
o r ie n ta t io n  w ith  re sp e c t to  lo n g e r  P V P  c h a in  a s s e m b lin g  th e  
lo n g e r  P V P  m a c r o m o le c u le s  in to  an  o rd e re d  s p e c i f ic  s u p e r  
m o le c u la r  s tru c tu re . S u c h  s t ru c tu re  h a v e  e n h a n c e d  f re e  v o lu m e  
an d  la rg e  m o le c u la r  m o b i l i t y  [11 ] w ith  ru b b e r  l ik e  e la s t ic it y  [9] 
a n d  u n iq u e  p h y s ic a l  p r o p e r t ie s  s u c h  a s  p r e s s u r e - s e n s i t iv e  
a d h e s io n  [ 1 2 ] ,  f e a t u r e d  o n l y  f o r  P V P - P E G  c o m p le x  o f  
s to ic h io m e t r ic  c o m p o s it io n  bu t n o t fo r  p a re n t p o ly m e r s  [131. 
T h e  m o le c u la r  d y n a m ic s  an d  s to ic h io m e t r y  o f  th e  P V P - P E G  
n e tw o rk  c o m p le x  h a v e  been  e x te n s iv e ly  s tu d ie d  b y  F e ld s te in  et 
al  u s in g  F o u r ie r  T r a n s fo rm  In fra  R e d  ( F T T R )  s p e c t r o s c o p y  [9], 
D if fe r e n t ia l S c a n n in g  C a lo r im e t r y  ( D S C )  j 14 -19 ] and  rh e o lo g ic a l 
m e th o d s  [9 ,2 0 -2 2 ]  fo r  the d e v e lo p m e n t  o f  u n iv e r s a l tra n sd e rm a l 
d ru g  d e l iv e r y  s y s te m s  ( T D D S ) .
E a r l ie r  in  th is  la b o ra to ry  [ 4 -6 ,2 3 -2 6 ] ,  s e v e ra l a t te m p ts  w e re  
m ad e  to  e x p lo re  the m o le c u la r  d y n a m ic s  o f  P E G s  an d  P P G 2 0 0 0  
in  d i lu te  s o lu t io n s  o f  n o n -p o la r  s o lv e n t  a n d  a ls o  in  p u re  l iq u id  
state w ith  p o la r  s o lv e n ts . M ic r o w a v e  d ie le c t r ic  re la x a t io n  s tu d ie s  
o f  b in a ry  m ix tu re  o f  P P G 2 C K X ) -P E G s  an d  P V P - P E G 2 0 0  in  d ilu te  
s o lu t i o n s  o f  b e n z e n e  w e r e  c a r r i e d  o u t  t o  c o n f i r m  th e  
h e te ro g e n e o u s  m o le c u la r  in t e r a c t io n s ,  c h a in  c o i l i n g ,  in t r a  
m o le c u l a r  r o t a t io n s  a n d  e l o n g a t io n  o f  th e  c o m p le x  
h e te ro g e n e o u s  n e tw o rk  o f  th e se  p o ly m e r s  in  n o n -p o la r  s o lv e n t .  
In  th e  e x t e n s io n  o f  th e  e a r l i e r  s t u d ie s ,  in  th e  p r e s e n t  
in v e s t ig a t io n , an a tte m p t h a s b een  m a d e  to  e x p lo re  th e  m o le c u la r  
d y n a m ic s  an d  in tra -  a n d  in t c rm o le c u la r  h y d ro g e n  b o n d in g  in  
te rna ry  m ix tu re s  o f  P V P - P E G s - P P G  s y s te m  in  d i lu te  s o lu t io n s  o f  
n o n -p o la r  s o lv e n t . A  c o m p a ra t iv e  s tu d y  ha s b ee n  c o n d u c te d  to  
e x p lo r e  th e  c h a n g e  in  m o le c u la r  d y n a m ic s  a n d  in t r a -  a n d  
in t c rm o le c u la r  in te ra c t io n s  w ith  th e  in c re a s e  in  m o le c u la r  w e ig h t  
o f  P E iG s  and  v a r y in g  P V P  c o n c e n t r a t io n  in  the  m ix tu re s  u s in g  
the m ic ro w a v e  d ie le c t r ic  r e la x a t io n  t im e s .
2. Experimental
M aterials :
P o ly ( v in y l  p y r r o l id o n e )  ( P V P )  o f  a v e ra g e  m o le c u la r  w e ig h t  M w  
= 4 0 ,(X )0  g m o l“ ’ o f  L R  g ra d e  w a s  o b ta in e d  f r o m  L o b a  c h e m ie , 
In d ia . P o ly (p ro p y Ie n e  g ly c o l)  ( P P G )  o f  a v e ra g e  m o le c u la r  w e ig h t  
2 0 0 0  g m o l" ' o f  L R  g ra d e  w a s  o b ta in e d  f r o m  B D H ,  In d ia . T h e  
p o ly ( e th y le n e  g ly c o l) s  ( P E G s )  o f  d i f f e r e n t  m o le c u la r  w e ig h t  i.e 
2(X), 4 0 0  and  6 0 0  g m o l" ' o f  L R  g ra d e  w e re  p u rc h a s e d  f r o m  S .D .  
F in e - c h e m , In d ia . B e n z e n e  o f  s p e c t r o s c o p ic  g ra d e  o b ta in e d  fro m  
B D H ,  In d ia ,  w a s  u sed  as n o n - p o la r  s o lv e n t .
T h e  b in a r y  m ix tu r e s  o f  P E G 2 0 0 - P P G ,  P E G 4 0 0 - P P G  an d  
P E G 6 0 0 - P P G  w e re  p re p a re d  b y  m ix in g  th e m  in  e q u a l v o lu m e . 
T h e  te rn a ry  m ix tu r e s  w e re  p re p a re d  b y  a d d in g  5 , 10, 15, an d  
2 0 w t%  P V P  in  th e  w e ig h t  o f  e q u a l v o lu m e  b in a r y  m ix tu r e s  o f  
P E G s - P P G .  T h e  te rn a ry  m ix tu re s  w e re  k e p t fo r  a p p ro x im a te ly  4 8  
h o u rs  f o r  th e  c o m p le te  d is s o lu t io n  o f  P V P  in  th e  p re p a re d  
m ix tu re s .  It is  o b s e r v e d  th a t th e  d is s o lv in g  ra te  s ig n i f ic a n t ly
decreases with increase in molecular weight o f  PEGs. Five dilute 
solutions o f  each ternary mixture with increasing weight fraciiun 
(below 0 .1  weight fraction o f the mixture) were made in benzene 
solvent for their dielectric measurements.
Dielectric m easurem ents :
T h e  p e r m it t iv i t y  e '  a n d  d ie le c t r ic  lo s s  e " in  d i lu te  s o lu t io n s  ui 
b e n z e n e  a t 1 0 .1 G H z  w e re  d e te rm in e d  u s in g  th e  sh o rt-c ircu ited  
w a v e -g u id e  m e th o d  su g g e s te d  b y  H e s to n  et al  [27 ]. T h e  wave­
g u id e  m e th o d  is  th e  m o s t  a c c u ra te  f o r  th e  m e a su re m e n t o f  the 
v a lu e s  o f  e ' a n d  e"  o f  p o la r  m ix t u r e s  in  n o n -p o la r  so lven t at 
v e ry  lo w  c o n c e n t r a t io n s .  T h e  s ta t ic  d ie le c t r ic  c o n s ta n t f  „ was 
m e a s u re d  a l 1 M H z  u s in g  h e te r o d y n e  b e a t m e th o d . H igh  
f r e q u e n c y  p e r m i t t i v i t y  £ „  w a s  ta k e n  as  th e  s q u a re  o f  the 
r e f r a c t i v e  i n d e x  Hp, w h ic h  w a s  m e a s u r e d  w it h  A b b e 's  
r e f r a c t o m e t e r  a t th e  w a v e le n g t h  o f  s o d iu m  l ig h t  AN  
m e a su re m e n ts  w e re  m a d e  a l 35  ± 0 .5 "C .
3. D ata analy.si$ ^
It h a s b ee n  o b s e r v e d  th a t e ^ , e \ e " a n d  a re  l in e a r  funo,lions 
o f  w e ig h t  f r a c t io n s  o f  th e  in d iv id u a l ,  b in a ry  and  te rna ry  mixtures 
in  b e n z e n e  s o lv e n t .  T h e  l in e a r  s lo p e s  and
c o r r e s p o n d in g  to  E q ’  ^ versus w e ig h t  fra c t io n s  ol
th e  s o lu te  m ix tu r e s  in  n o n -p o la r  b e n z e n e  s o lv e n t  are recorded 
in  T a b le  1. T h e s e  l in e a r  s lo p e s  a re  u sed  fo r  th e  d e te rm in a tio n  of 
th e  a v e ra g e  r e la x a t io n  t im e  T q , d i s t r ib u t io n  p a ra m e tc i c/, 
r e la x a t io n  t im e  c o r re s p o n d in g  to  se g m e n ta l m o t io n  r  j , and group 
ro ta t io n  ■ T h e  v a lu e s  o f  T q a n d  a  w e re  e v a lu a te d  b y  Higa.si's 
[2 8 ] s in g le  f r e q u e n c y  m e a s u re m e n t  e q u a t io n s  p ro p o se d  1oi 
d i lu te  s o lu t io n s  in  n o n -p o la r  s o lv e n t .
T h e  r e la x a t io n  l im e s  c o rre .s p o n d in g  to  se g m e n ta l m o tion  t ,. 
a n d  g ro u p  r o ta t io n s  w e re  e v a lu a te d  b y  u s in g  the equations 
o f  H ig a s i  e t  a l  [2 9 ]  p r o p o s e d  f o r  d i lu t e  s o lu t io n s  These 
e q u a t io n s  a re  d e s c r ib e d  e ls e w h e r e  [2 4 ]. T h e  d ie le c t r ic  free 
e n e rg y  o f  a c t iv a t io n  AF^ w a s  a ls o  d e te rm in e d  b y  u s ing  the 
E y r in g  fo rm u la  [30J.
T h e  c a lc u la t e d  v a lu e s  o f  T q , a ,  various
te rn a ry  m ix t u r e s  o f  P V P - P E G s - P P G  in  b e n z e n e  solvent are 
re p o r te d  in  T a b le  2. E a r l ie r  [4,5,23-26] m e a su re d  values of 
r e la x a t io n  t im e s  o f  in d iv id u a l p o ly m e rs  an d  th e ir  b in a ry  mixtuies 
h a s  a ls o  b e e n  in c lu d e d  in  T a b le  2 f o r  c o m p a r is o n .  These 
c o m p a ra t iv e  v a lu e s  a re  u se d  to  e x p lo r e  th e  m o le c u la r  dynamics 
o f  th e  b in a r y  a n d  te rn a ry  m ix tu r e s  in  n o n -p o la r  s o lv e n t. In order 
to  m a k e  d a ta  a n a ly s is  m o re  c le ia r, th e  v a lu e s  o f  th e  relaxation 
t im e s  o f  th e se  b in a r y  a n d  te rn a ry  m ix tu r e s  a re  p lo t te d  against 
P V P  w t%  in  F ig u r e  I .
4. Results and discussion
In  g en e ra l, th e  m o le c u la r  d y n a m ic s  o f  b in a ry  an d  te rna ry  mixtures 
o f  a s s o c ia t in g  m o le c u le s  is  p r e d ic te d  b y  c o m p a r in g  the values 
o f  r e la x a t io n  t im e s  o f  th e  m ix t u r e  a n d  th e ir  c o n s t itu t io n s  in the
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Tabic 1. Values of the slopes of £ q. e \  and versus weight fractions 
oi PHGs, PPG. binary mixtures of PEGs-PPG and PVP-PEGs and ternary 
mixtuics of PVP-PEGs-PPG in dilute solution of benzene at 35“C
I’olymer/iheir mixtures 
PPG 2000 
PEG 200
PA]ual volume mixture 
pVP wl% in PEG
5
10
20
\U% in A
5
10
20
PEG 400
Fl)imI volume mixture 
|'\M' wl% in PEG
5
10
20
PVP wt% in B
5
10 ^
15
PEfJ 600
biuji volume mixture 
PVP wp/t in PEG 
5
10
20
PVP wi% m C 
5
10
15
3.68 1 18 0 64 --0 12
8 15 3 13 1 1 5  0 00
PEG200‘PPG binary mixture (A)
6- 00 2 .60 1 30 -0 ,1 0
PVP-PEG200 binary mixtures 
7 69 3 95 2.10 -0 .08
7- 37 3.23 2.00 -0 .0 8
5.81 2 46 141 -0  07
PVP-PEG200-PPG ternary mixtures 
5-00 3.27 1.17 -0  14
4.31 2 20 0 83 -0  10
3.44 2 ,12 1,03 -0  08
5 71 3 33 I 20 -0  15
PEG400-PPG binary mixture (B)
4 62 I 79 1.09 - 0  05
PVP-PEG400 binary mixtures 
5,92 2 43 1.21 -0  04
5.54 2 83 1.41 -0  06
5 32 2.58 1 2 0  -0  07
PVP-PEG400-PPG ternary mixtures 
3.83 2.31 0.91 -0 .0 4
3 18 2 17 0 85 - 0  14
2.86 1 68 0-61 -0  10
5.00 3.33 I 28 -0 .0 7
PEG600-PPG binary mixture (C)
4.12 I 53 0 82 -0  12
PVP-PEG600 binary mixtures 
6.19  2 .50  I 10 -0  05
5.00 2.19 0.94 -0 .0 6
4.38 2.31 0 96 -0 .05
PVP-PEG600-PPG ternary mixtures 
3.10 2 00 0.89 -0 .13
2.72 1 89 0.71 -0 .J 4
2.28 1 60 0.57 -0  09
same e n v iro n m e n t . T h e r e fo r e ,  b e fo r e  th e  in te rp re ta t io n  o f  P V P -  
I'EGs-P P G  te rn a ry  m ix tu r e  d y n a m ic s ,  it  is  in d is p e n s a b le  to  repo rt 
here the c h a ra c te r iz a t io n  o f  m o le c u la r  d y n a m ic s  o f  th e  m o le c u le s
PECis, P P G  an d  b in a r y  m ix tu re s  o f  P E G s - P P G  and  P V P - P E G s ,  
^'tplored e a r l ie r  in  th is  la b o r a t o r y  u s in g  m ic r o w a v e  d ie le c t r ic  
‘ ‘^ liixalions in  b c n z d h e  s o lv e n t .
Molecular d yn am ics  o f  P E G s  :
i^ystematic m ic r o w a v e  d ie le c t r i c  r e la x a t io n  s tu d y  [4 ,5 ] o f  
h’JiTiologous s e r ie s  o f  p o ly  ( e th y le n e  g ly c o l) s ,  a v e ra g e  m o le c u la r
Ttable 2. Microwave dielectric relaxation parameters of PEGS. PPG, 
PECis-PPG, PVP-PEG.S and PYP-PEGs-PPO mixtures in bcn/.enc solution 
at 35“C.
Polymcns/iheir mixtures To(ps)
PPG 2000 
PEG 200
Equal volume mixture 
PVP wt% m PEG 
5
10
20
PVP wl% in A 
5
10
20
PEG 400
Equal volume mixture 
PVP wi% m PE(J 
5
10
20
PVP wi% in B 
5
10
15
PEG 600
Equal volume mixture 
PVP wl% in PEG 
5
10
20
PVP wt% m C 
5
10
15
T,(ps) rjCps) Af'T
(Real nior')
58.3 0,55 63.2 8 0 3 64
52.0 0 63 70 I 6.0 3.50
PEG200-PPG binary mixture (A)
23.6 0 48 42.3 7 8 3.06
PVP-PK(1200 binary mtxlures
14 4 0 37 28.1 8.2 2 77
20 7 0 37 32 6 9 5 2 99
24 2 0 46 40 3 8 1 3 09
PVP-PE(i200-PPG ternary mixtures
10 0 0 45 29.4 6 2 2.54
8 5 0 47 29 8 5 6 2.44
9.3 0.30 20 2 7.4 2.49
8 5 0 49 31 9 5.6 2 41
PEG400-PPG binary mixture (U)
29 7 0.43 42.0 9.6 3.20
PVP-PEG400 binary mixtures
28 3 0 50 45 4 7 7 3 18
14 4 0.41 30 3 7 7 2.77
16 6 0 47 35 9 7.1 2 86
PVP-PEG400-PPG ternary mixtures
8 6 0 42 26 3 6 1 2 44
6 2 0.33 18 7 5 8 2.25
a 0 0 49 30 5 5 4 2.40
7 0 0 35 20 9 6.1 2 29
PEG600-PPG binary mixture (C)
35 8 0.51 51 1 8 0 3 31
PVP-PEG600 binary mixtures
32.9 0 56 52 9 6.8 3.28
24 1 0 54 47 1 6.6 3 08
12 7 0 48 34.0 6.4 2.69
PVP-PEG600-PPG ternary mixtures
7.7 0.32 19 5 6.6 2.38
5 7 0.34 18 4 5.5 2.19
5 4 0.35 IK 8 5.3 2,15
w e ig h t  ra n g in g  f ro m  2 0 0  to  9 0 0 0  g  m o l" ' in  d i lu te  s o lu t io n s  o f  
b e n ze n e  at 9 .8 3  G H z  c o n f ir m e d  th a t th e re  is  la rg e  te n d e n c y  
to w a rd s  th e  in c re a s e  in  c o i l i n g  o f  th e  m o le c u la r  c h a in  o f  th e se  
m o le c u le s  w ith  th e  in c r e a s e  in  d e g re e  o f  p o ly m e r iz a t io n .  T h e  
in c re a s e  in  c h a in  c o i l i n g  w it h  in c r e a s e  in  m o le c u la r  w e ig h t  is  
a ls o  su p p o rte d  b y  d e c re a s e  in  s p e c i f ic  d ip o le  m o m e n t  [5 ] w ith  
in c r e a s e  in  th e  d e g r e e  o f  p o ly m e r i z a t io n .  T h e  e x t e n t  o f  
in t e rm o lc c u la r  h y d ro g e n  b o n d in g  d e c re a s e s  w ith  th e  in c re a s e  
in  c h a in  le n g th  o f  P E G  m o le c u le s .  F u r th e r ,  th e  c h a in  e n d s  
h y d r o x y l  g ro u p s  o f  th e se  m o le c u le s  a re  in  d y n a m ic  e q u i l ib r iu m
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w ith  th e  fo rm a t io n  o f  f i v e  m c m b e re d  in t r a - m o ic c u la r  h y d ro g e n  
b o n d e d  r in g s .
(ii) M olecu lar dynamics o f  P P G 2 0 0 0  :
M ic r o w a v e  d ie le c t r i c  r e la x a t io n  s tu d y  [2 3 ]  o f  P P G 2 0 0 0  in  
b e n ze n e , c a rb o n  te tra c h lo r id e , c y c lo h e x a n e  an d  d e c a lin e  s o lv e n t  
c o n f irm e d  th a t b e s id e s  the  p re s e n c e  o f  s id e  m e th y l g ro u p s  in
0 10 20 
PVP wt%
Figure 1. Plots of relaxation times versus PVP wl%.
(a) PVP-PECi 200 and PVP-PPG-PEG 200 mixtures
(b) PVP-PEG 400 and PVP-PPG-PEG 400 mixtures
(c) PVP-PEG 600 and PVP-PPG-PEG 600 mixtures 
Tq : binary mixtures (o) ; ternary mixtures ( • )
T| ; binary mixtures (A) , ternary mixtures (a )
th e  re p e a t in g  u n its , th e re  is  a ls o  c o i l i n g  in  P P G  m o le c u la r  c h a in ,  
a n d  th e  h y d r o g e n  b o n d e d  n e tw o r k  o f  th e s e  m o le c u le s  h a s  
t r a n s ie n t  s t r u c tu re  in  n o n - p o la r  s o lv e n t .  F u r t h e r ,  K i r k w o o d  
c o r r e la t io n  f a c t o r  p r o v e d  th a t  in  P P G  m o le c u le s ,  h y d r o g e n  
b o n d in g  is  w e a k  in  c o m p a r is o n  to  th e  h y d r o g e n  b o n d in g  o f  
P E G  m o le c u le s  [3 1 -3 4 ] .  T h e  p re s e n c e  o f  s id e  g ro u p s  in  th e  
m o le c u la r  c h a in  o f  p o ly m e r s  r e d u c e s  c h a in  f l e x i b i l i t y  a n d  
in c re a s e s  h in d ra n c e  to  th e  r e o r ie n t a t io n  o f  th e  m o le c u le s  as a 
w h o le ,  in  c o m p a r is o n  to  th e  p o ly m e r  c h a in  w it h o u t  s id e -g ro u p s , 
w h ic h  is  c o n f irm e d  b y  d ie le c t r i c  a n d  o th e r  r e la x a t io n  s tu d ie s  
[3 5 ]. In  c a s e  o f  P P G  m o le c u le s ,  s e g m e n ta l m o t io n  is  a ls o  fo u n d
h ig h ly  h in d e r e d  d u e  to  p re s e n c e  o f  m e th y l s id e  g roups and 
th e re  is  r o t a t io n  o f  m e th y l  s id e  g ro u p s  w ith  th e  en d s  hydroxy l 
g ro u p s  in  d y n a m ic  e q u i l ib r iu m .
(Hi) M olecular dynam ics in P P G -P E G s mixtures :
T h e  m o le c u la r  d y n a m ic s  [24] o f  the  e q u a l v o lu m e  b in a ry  mixtures 
o f  P P G - P E G s  c h a n g e s  s ig n i f i c a n t l y  d u e  to  he te rogeneous 
m o le c u la r  in t e r a c t io n s ,  c h a in  c o i l i n g  a n d  e lo n g a t io n  o f  the 
n e tw o r k  in  d i lu t e  s o lu t io n s  in  c o m p a r is o n  to  th e  m o lecu la i 
d y n a m ic s  o f  th e  in d iv id u a l  m o le c u le s .  In  th e se  m ix tu re s  due to  
h e te r o g e n e o u s  in t e r a c t io n s ,  H - b o n d e d  h o m o g e n e o u s  a n d  
h e te ro g e n e o u s  c o o p e r a t iv e  d o m a in s  a re  fo rm e d  d u r in g  t h e n  
m ix in g .  T h e  e lo n g a t io n  o f  th e  c o o p e r a t iv e  d o m a in s  in  dilute 
s o lu t io n s  is  fo u n d  in f lu e n c e d  b y  th e  c h a in  le n g th  o f  P Ko  
m o le c u le s .  F u r th e r ,  f r o m  the  Tj  v a lu e s  o f  the  b in a r y  m ixtures, n 
w a s  c o n c lu d e d  th a t th e  in t r a -m o le c u la r  g ro u p s ' rota^tions has 
v e ry  lo c a l c h a ra c te r  in  b in a ry  m ix tu re s  o f  P P G - P E G s  w ith  increase 
in  P E G  c h a in  le n g th . T h is  fa c t  is  al.so c o n f irm e d  b y  othfcr s t u d i e s  
[36-38]. 1
(iv) M olecu lar dyn am ics  in PVP-PEG s mixtures :
In  P V P - P E G s  m ix tu re s ,  th e  m o le c u la r  d y n a m ic s  is  g o v e r n e d  hv 
the  v a lu e  o f  n u m b e r  o f  h y d r o x y l  g ro u p s  o f  P E G  m o l e c u l e s  m 
c o m p a r is o n  to  th e  v a lu e  o f  n u m b e r  o f  c a r b o n y l g ro u p s  o l  the 
P V P  m o le c u le s  a n d  a ls o  th e  f l e x ib i l i t y  o f  the m o le c u la r  c h a i n  ol 
P E G  m o le c u le s  th o se  b r id g e s  th e  lo n g  c o ile d  P V P  c h a in  th r o u g h  
h y d ro g e n  b o n d in g . D u e  to  c o m p le x  fo rm a t io n  b e tw e en  P V P  and 
P E G  m o le c u le s ,  f l e x i b l e  a n d  d y n a m ic  s u p e r m o l e c i i l a i  
h e te ro g e n e o u s  n e tw o r k  is  fo rm e d  as d is c u s s e d  e a r lie r  |9,20l 
T h e  h ig h  d e g re e  c o m p le x  f o rm a t io n  in  P V P - P E G 2 0 0  m i x t u r e s  
p r o d u c e s  m o r e  h in d r a n c e  to  m o le c u la r  r e o r ie n t a t io n  ami 
s e g m e n ta l m o t io n  in  c o m p a r is o n  to  the  h in d ra n c e  o f  m o I c c u L i f  
r e o r ie n ta t io n  in  P V P - P E G 4 0 0  an d  P V P - P E G 6 0 0  m i x t u r e  12()| 
F u r th e r ,  th e  m o le c u la r  d y n a m ic s  in  th e se  m ix tu re s  in  n o n - p o h i i  j 
b e n z e n e  s o lv e n t ,  a l s o  v a r y  w i t h  th e  i n c r e a s e  in  PVf'| 
c o n c e n t r a t io n .  I t  is  c o n f ir m e d  th a t th e  m o le c u la r  d y n a m i c s  o f 
th e se  b in a r y  m ix tu r e s  is  in d e p e n d e n t  o f  th e  m ix tu re  v i s c o s i i \  
U s in g  F F I R  m e a su re m e n ts ,  F e ld s t e in  e t a l  [9] c o n f irm e d  that m | 
P V P - P E G  m ix tu re s ,  a l l  h y d r o x y l  g r o u p s  no t fo rm  the c o m p le x e s  
w ith  th e  c a r b o n y l g ro u p s , a n d  h e n c e  h o m o g e n e o u s  c lusters ol 
P E G s  a re  a ls o  e x is t s  in  th e  m ix t u r e s  in  d i lu te  s o lu t io n s .  In dilute 
s o lu t io n s  o f  n o n -p o la r  s o lv e n t ,  b e s id e s  the  se g m e n ta l motion 
a n d  in t r a m o le c u la r  g ro u p s  r o ta t io n s ,  th e re  is  ro ta t io n s  ot 
m o le c u le s  as  a w h o le  in  P V P - P E G s  m ix tu re s .
(v) M olecu lar dyn am ics  in P V P -P E G s-P P G  m ix tu res: 
A verage relaxation time ( T q) :
T h e  v a lu e  o f  T q d e p e n d s  o n  th e  h in d r a n c e  o f fe r e d  by ihe 
in t c rm o le c u la r  in te ra c t io n s  an d  m o le c u la r  c h a in  c o il in g .  In binarv 
a n d  te rn a ry  m ix tu r e s  h e te ro g e n e o u s  in te r a c t io n s  s ign ificant!) 
a lte r  th e  r e la x a t io n  t im e s . T h e  T q v a lu e  o f  PVP-PEG200-PP^ ^
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mixtures is  fo u n d  s m a l l  in  c o m p a r is o n  to  th e  T q v a lu e s  o f  P P G ,  
PHG200 , e q u a l v o lu m e  b in a r y  m ix t u r e s  o f  P P G - P E G 2 0 0 ,  and  
d iffe ren t c o n c e n t r a t io n  b in a r y  m ix t u r e s  o f  P V P - P E G 2 0 0  in  
benzene s o lu t io n s  at 35®C ( T a b le  2 ) . F u r t h e r  in  th is  te rn a ry  
m ixture, the T q v a lu e s  a rc  fo u n d  a lm o s t  in d e p e n d e n t o f  the P V P  
concen tra tion  ( F ig u r e  la ) .  T h e s e  o b s e r v e d  v a lu e s  su g g e s t th a t 
111 icm a ry  m ix t u r e  d u e  to  b r e a k in g  o f  h o m o g e n e o u s  n e tw o rk , a 
coopera tive  h e te ro g e n e o u s  s y s te m  in  d y n a m ic  e q u i l ib r iu m  is  
formed, w h ic h  fa v o u r s  th e  m o le c u la r  d y n a m ic s ,  a n d  h e n ce  the
va lu e  d e c re a s e s  f o r  te rn a ry  m ix t u r e  in  c o m p a r is o n  to  the 
c jlu cs  o f  in d iv id u a l  c o n s t it u e n t  p o ly m e r s  a n d  th e ir  b in a r y  
m ix iiiic s . In  c a s e o f  P V P ‘ P E G 2 0 0  b in a r y  m ix tu re s ,  th e  in c re a se  
111 T|, v a lu e  w it h  th e  in c r e a s e  in  P V P  c o n c e n t r a t io n  is  d u e  
ro ihe e lo n g a t io n  o f  the P V P - P E G 2 0 0  n e tw o rk  in  b en zen e  so lu t io n  
{2(A
In case o f P V P - P E G 4 0 0 - P P G  m ix tu re s , the o b se rve d  Tq v a lue s 
arc sm a lle r  th an  th e  c o r r e s p o n d in g  T q v a lu e s  o f  P P G ,  P E G 4 0 0 -  
PPG and P V P - P E G 4 ( X )  b in a r y  m ix tu r e s  w ith  P V P  c o n c e n tra t io n  
variation, bu t th e se  a re  e q u a l to  th e  T q v a lu e  o f  P E G 4 0 0  in  
benzene s o lu t io n  ( F ig u re  lb ) .  F r o m  th e  e q u a l T q v a lu e s  o f  te rnary  
mixtures and  P E G  4 0 0 , it s e e m s  th a t in  th e  te rn a ry  m ix tu re , th e re  
IS also la rg e r p ro b a b i l it y  o f  th e  re o r ie n ta t io n  o f  P E G 4 0 0  m o le c u le s  
in the c o m p le x  n e tw o rk  d u e  to  th e  b r e a k in g  an d  r e f o rm in g  o f  
hydrogen b o n d  in  d y n a m ic  e q u i l ib r iu m  o f  th e  h e te ro g e n e o u s  
network.
S im i la r ly  in  c a se  o f  P V P - P E G 6 0 0 - P P G  te rn a ry  m ix tu re s , the 
evaluated .Tq v a lu e s  a re  a ls o  fo u n d  lo w e r  th an  th o se  o f  P P G ,  
PCGOOO, P P G - P H G 6 0 0  an d  P V P - P E G 6 0 0  ( F ig u re  Ic ) . B u t  these 
r„ va lue s a re  n e a r ly  e q u a l to  th e  v a lu e s  o f  P E G 6 0 0  m o le c u le s .  
Tins a lso  su g g e s ts  tha t in  th is  m ix t u r e ,  th e re  is  la rg e r  p o s s ib i l i t y  
1)1 the re o r ie n ta t io n  o f  P E G 6 0 0  m o le c u le s  in  th e  h e te ro g e n e o u s  
polymer n e tw o rk  in  d i lu te  s o lu t io n s  o f  b e n ze n e . F u r th e r ,  the  
^mall T(j v a lu e s  in  th e se  te rn a ry  m ix tu r e s ,  s h o w  tha t th e re  is  
tilonga iion o f  th e  h e te ro g e n e o u s  n e tw o r k  in  d i lu t e  s o lu t io n s  o f  
benzene. A s  c o n f irm e d  b y  F e ld s t c in  e t a l [ l S ] ,  a l l  P E G  en d s  - O H  
ginups no t fo rm  c o m p le x e s  w ith  th e  c a r b o n y l g ro u p s  o f  the 
monomer u n its  o f  P V P  c h a in .  D u e  to  th is , th e re  a re  la rg e  n u m b e r  
ol u n a sso c ia te d  P E G  m o le c u le s  in  th e  h e te m g e n e o u s  n e tw o rk  
iind these u n a s s o c ia te d  P E G  m o le c u le s  r e o r ie n t  a s  a w h o le ,  in  
Ihe e lo n g a te d  n e tw o r k  in  d i lu t e  s o lu t io n  o f  th e  b e n z e n e  w h e n  
subjected to  th e  m ic r o w a v e  f r e q u e n c y  e le c t r ic  f ie ld .
In a ll th e se  te rn a ry  m ix tu r e s  s tu d ie d ,  th e  e v a lu a te d  v a lu e s  o f  
distribution p a ram e te r a  a re  la rg e  (=  0 .3 0  to  0 .50 ). E a r l ie r ,  S h u k la  
[39] s tu d ie d  th e  p o ly  ( e th y l m e th a c r y la te )  ( P E M A )  and  
P i^ly ( n - b u ty l  i s o b u t y l  m e t h a c r y la t e )  ( P B i B M A )  in  d i lu t e  
''u lu iions o f  b e n z e n e  at 10  G H z  a n d  fo u n d  th e  v a lu e s  o f  a  tn th e  
o f  0 .5 3  -  0 .5 7 . T h e  la r g e  v a lu e s  o f  a  o f  th e se  p o ly m e rs
ih e ir  m ix tu r e s  s h o w  th a t b e s id e s  th e  o v e r a l l  r o ta t io n  o f  th e  
, '^^ilecules, th e re  is  la rg e r  p r o b a b i l i t y  o f  th e  s e g m e n ta l m o t io n  
I and g roup  r o ta t io n s  to  th e  r e la x a t io n  p ro c e s s e s .
Relaxation time corresponding to segmental motion ( r ^ ) :
T h e  T^  v a lu e s  o f  th e se  in d iv id u a l  p o ly m e rs  and  th e ir  b in a r y  a n d  
te rn a ry  m ix tu re s  a re  fo u n d  h ig h e r  th an  th e  c o r r e s p o n d in g  T q 
v a lu e s . T h is  s h d w s  th a t the  se g m e n ta l m o t io n  in  th ese  a s so c ia te d  
p o ly m e rs  and  th e ir  m ix tu r e s  a re  in f lu e n c e d  b y  th e  f l e x ib i l i t y  in  
th e  p o ly m e r  c h a in  an d  a ls o  b y  th e  h in d ra n c e  d u e  to  p re s e n c e  o f  
th e  s id e -g ro u p s  in  th e  c h a in .  T a b le  2 s h o w s  th a t in  th e  te rn a ry  
m ix tu re s ,  th e re  is  a n o m a lo u s  v a r ia t io n  in  th e  r ,  v a lu e s  o f  P V P -  
P E G 2 0 0 - P P G  an d  P V P - P E G 4 0 0 - P P G  w it h  th e  in c r e a s e  in  
c o n c e n t r a t io n  o f  P V P in  th e  e q u a l v o lu m e  P E G - P P G  b in a r y  
m ix tu re s . B u t  th e  v a lu e s  o f  P V P - P E G 6 0 0 - P P G  a rc  fo u n d  
in d e p e n d e n t  o f  th e  P V P  c o n c e n t r a t io n  ( F ig u r e  1). T h i s  
a n o m a lo u s  v a r ia t io n  in  r ,  v a lu e s  s h o w s  that th e  d is t r ib u t io n  o f  
re la x a t io n  t im e s  is  g o v e rn e d  b y  th e  s tre n g th  o f  in t ra - an d  in te r -  
m o le c u la r  in te ra c t io n s  in  th e  c o m p le x  n e tw o rk  fo rm e d  b e tw e e n  
th e  m ix e d  p o ly m e r s  in  d i lu t e  s o lu t io n s .  W i t h  in c r e a s in g  
c o n c e n t ra t io n  o f  P V P  in  b in a r y  an d  te rn a ry  m ix tu re s ,  th e re  is  
la rg e  in c re a s e  in  the v is c o s it y  o f  th e  s y s te m  bu t th e  o b s e rv e d  
a n o m a lo u s  v a lu e s  o f  r e la x a t io n  t im e s  c o n f irm  that the m o le c u la r  
s e g m e n ta l m o t io n  is  in d e p e n d e n t o f  th e  m ix tu re  v is c o s it y  an d  
s t ro n g ly  d e p e n d s  o n  th e  m o le c u la r  a s s o c ia t io n  an d  r ig id i t y  in  
th e  p o ly m e r  c h a in .  E a r l ie r [ 4 0 ] ,  it w a s  a ls o  c o n f irm e d  th a t th e  
r e la x a t io n  l im e s  o f  P V P - P E G  m ix tu re s  a re  in d e p e n d e n t o f  th e ir  
v is c o s it y .
Relaxation time f o r  group rotation ( T 2 )
T h e  o b s e rv e d  T2 v a lu e s  o f  th e se  p o ly m e r s  an d  th e ir  b in a r y  and  
te rn a ry  m ix tu re s  v a r y  in  th e  ra n g e  = 5 . 0  to  10 p s  (T a b le  2). In  
ca se  o f  P E G  m o le c u le s  [4 ], th e  T 2  v a lu e s  a re  a s s ig n e d  to  the 
ro ta t io n  o f  c h a in  e n d s  h y d r o x y l  g ro u p s  w h i le  in  c a se  o f  P P G  
m o le c u le s  [23] b e s id e s  the ro ta t io n  o f  th e ir  m o le c u la r  c h a in  en d s  
h y d r o x y l g ro u p s , th e re  is  a ls o  th e  ro ta t io n  o f  m e th y l s id e -g ro u p s  
o f  the P P G  c h a in .  In  b in a r y  m ix tu re s  o f  P E G s - P P G  m o le c u le s  
|2 4 ], th e re  is  a ls o  th e  ro ta t io n s  o f  - O H  g ro u p s  a n d  th e  m e th y l 
s id e -g ro u p s , b u t re s u lt s  s h o w  that th e  v a r ia t io n  in  T 2  v a lu e s  o f  
the b in a r y  m ix tu re s  is  s m a ll in  c o m p a r is o n  to  th o se  o f  in d iv id u a l 
m o le c u le s  w h ic h  c o n f irm e d  that the g ro u p  ro ta t io n s  is  in  d y n a m ic  
e q u il ib r iu m . In  ca se  o f  P V P - P E G  m ix tu re s , it is  fo u n d  that th e re  is  
s l ig h t  d e c re a se  in  T 2  v a lu e s  w ith  in c re a se  in  P E G s  c h a in  le n g th . 
D u e  to  in c re a s e  in  P E G s  c h a in  le n g th , th e re  m a y  b e  d e c re a se  in  
the  s tre n g th  o f  the  h y d ro g e n  b o n d in g  an d  h e n ce  T2 d e c re a se s . 
B u t  in  c a se  o f  P V P - P E G s - P P G  te rn a ry  m ix tu re s ,  th e  T 2  v a lu e s  
v a r y  in  th e  ra n g e  o f  5 . 3 - 7 . 4  p s  w it h  th e  v a r ia t io n  in  P V P  
c o n c e n t r a t io n  an d  in c re a s e  w ith  P E G s  c h a in  le n g th . T h is  s m a ll 
v a r ia t io n  in  T2  v a lu e s  s h o w  th a t in  te rn a ry  m ix tu re s ,  a f te r  in t ra -  
an d  in t e rm o ic c u la r  h y d ro g e n  b o n d in g ,  th e  n a tu re  o f  th e  ro ta t in g  
p o la r  g ro u p s  r e m a in s  sam e .
T h e  fre e  e n e rg y  o f  a c t iv a t io n  AF^ o f  th e se  p o ly m e rs  a n d  
th e ir  b in a r y  an d  te rn a ry  m ix tu r e  w e re  a ls o  e v a lu a te d  u s in g  th e  
a v e ra g e  d ie le c t r ic  r e la x a t io n  l im e  T q a n d  fo u n d  in  th e  ra n g e
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2 .1 5 - 3 .6 4  k c a l m o ^ ^  w h ic h  is  c o r r e s p o n d in g  to  th e  b r e a k in g  
o f  h y d r o g e n  b o n d s  in  d i lu t e  s o lu t io n s .  T h e s e  v a lu e s  o f  
a c t iv a t io n  e n e rg ie s  a ls o  c o n f i r m  th a t th e  m o le c u la r  n e tw o rk s  o f  
t e r n a r y  m ix t u r e s  a re  h i g h l y  f l e x i b l e  a n d  th e  m o le c u la r  
d y n a m ic s  is  in  d y n a m ic  e q u i l ib r iu m  in  d i lu t e  s o lu t io n s  o f  n o n ­
p o la r  s o lv e n t .
5. Conclusion
T h e  c o m p a ra t iv e  d ie le c t r ic  re la x a t io n  s tu d ie s  o f  th e se  c h a lle n g in g  
a s s o c ia t in g  s y s te m s  c o n f irm e d  th a t th e  m o le c u la r  d y n a m ic s  in  
te rn a ry  m ix tu re s  is  g o v e rn e d  b y  th e  in t ra -  a n d  in t e rm o le c u la r  
in te r a c t io n s  and  th e  m o le c u la r  c h a in  c o i l i n g  an d  f le x ib i l i t y .  B u t  
th e se  m o le c u la r  m o t io n s  a re  in d e p e n d e n t  o f  th e  v is c o s i t y  o f  th e  
m ix tu re . T h e  o b s e rv e d  v a lu e s  o f  T q c o n f ir m e d  th a t in  th e se  
te rn a ry  m ix tu re s , th e re  is  la rg e  p r o b a b i l i t y  o f  the re o r ie n ta t io n  o f  
the  P E G  m o le c u le s  as a w h o le  in  the  h y d ro g e n -b o n d e d  p o ly m e r ic  
h e te ro g e n e o u s  n e tw o rk . F r o m  th e  d ie le c t r ic  r e la x a t io n  s tu d ie s , 
it is  in fe r re d  that the  te rn a ry  m ix tu r e  m a t r ix  o f  P V P - P E G s - P P G  is  
s u it a b le  fo r  th e  T D D S  o f  d ru g s  o f  th e  m o le c u la r  s iz e  e q u a l to  
P E G s  m o le c u le s  i.e. 2 0 0 -6 0 0  b e c a u s e  o f  th e  re o r ie n ta t io n  o f  th e  
P E G s  m o le c u le s  in  th e  h e te ro g e n e o u s  n e tw o rk .
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